Because many or most lipid-laden foam cells in atheromas and in xanthomas derive from macrophages, it is important to understand how they accumulate lipids and how they can divest themselves of lipids. The mobilization of stored triglycerides from macrophages was studied in cell cultures. Mouse resident peritoneal macrophages and J774 macrophages increased their triglyceride content six-to tenfold during a 24hour incubation with free fatty acids complexed to albumin. Subsequent incubation in fresh medium containing free fatty acid-poor albumin was accompanied by a fall in cell triglyceride content (50% in 20 hours) and a corresponding increase in mediumfree fatty acid. Release of free fatty acid was linear as a function of time, provided fresh medium was added hourly. When medium was not changed, release rates fell off rapidly, probably due to re-uptake of released free fatty acid. Chloroquine did not affect the rate of free fatty acid release. The results suggest that macrophages-foam cells can reduce their triglyceride stores via the action of a nonlysosomal (presumably cytoplasmic) neutral triglyceride lipase. (Arteriosclerosis 4:630-635, November/December 1984) T he lipid accumulating in xanthomas and in early atherosclerotic lesions is largely found in "foam cells" in the form of multiple, large fat droplets. Several lines of evidence indicate that many or most such cells represent monocyte-macrophages. 1 -4 In the case of eruptive xanthomas associated with hyperchylomicronemia, the lesions can appear over a relatively short time and disappear almost as rapidly, 5 presumably because these cells have the capacity to metabolize or mobilize the stored lipids rapidly. The possibility that the cells move out of the lesions back into the circulation should also be considered, but it seems unlikely that this can oc-
cur fast enough to account for the clearance of xanthomas in just a day or two. The rate at which lipids in atheromas can be mobilized is less well documented, but the mechanisms involved may be qualitatively similar. Consequently, it is important to understand the biochemical basis for such lipid mobilization.
Most of the lipid in foam-cell lesions is made up of cholesterol esters and triglycerides, the former being predominant in atheromatous lesions and tendinous xanthomas and the latter being predominant in eruptive xanthomas. Mobilization of cholesterol esters requires prior hydrolysis and release of the cholesterol in free form. 6 In the presence of an adequate concentration of an acceptor for cholesterol in the medium, the rate-limiting step appears to be the hydrolysis of the esters (or some other process involved in presenting the free cholesterol at the cell surface). 7 A neutral cholesterol esterase has been shown 8 to occur in many types of tissue macrophages that may mediate this step. The mobilization of stored triglycerides has been less intensively studied. Recent studies from this laboratory have shown that macrophages previously incubated with lipoproteins to increase their triglyceride content reduce their lipid stores only when albumin is included in the medium, strongly suggesting that mobilization occurred in the form of free fatty acids (FFA). 9 In the present studies it is shown that the mobilization of stored triglycerides from lipid-loaded macrophages is accompanied by the appearance in the medium of an equivalent amount of FFA. There was no evidence for the release of intact triglycerides or of lower glycerides. It is concluded that intracellular lipolysis is needed for mobilization of stored triglycerides from macrophages and that this leads to a net release of FFA.
Methods

Materials
We obtained female Swiss-Webster mice (25-30 g) from Simonsen Laboratories (Gilroy, California). We purchased 1 <C-oleic acid and 3 H-oleic acid from Amersham-Searle Corporation (Arlington Heights, Ilinois), and ^Ni-chloride from New England Nuclear (Boston, Massachusetts). We purchased oleic acid, cholesteryl oleate, cholesterol, triolein, and FFApoor bovine serum albumin (BSA) from Sigma Chemical Company (St. Louis, Missouri); fetal calf serum from Irvine Scientific Sales Company (Fountain Valley, California); plastic petri dishes from Lux Incorporated (Newberg, California); and silica gel plates (0.2 mm) from Analtech (Newark, Delaware). All other chemicals were of analytical grade.
Preparation of Cultured Macrophages
Cultures of the J774 macrophage-like cell line (clone G8) were obtained from Dr. Jay Unkeless of Rockefeller University. Cells were maintained in alpha minimal essential medium (a-MEM), supplemented with gentamycin sulfate (50 /j,g/ml) and fungizone (0.25 /ig/ml) (medium A) and containing 5% heat-inactivated newborn calf serum (which had been heated at 56° C for 30 minutes before use). Before each experiment, cells were washed twice with medium A. 10 Primary cultures of resident peritoneal macrophages were prepared from female Swiss-Webster mice (25-30 g) as previously described. 11 Cells were plated in 60 mm dishes and were not used until they had been in culture for 24 to 48 hours. Cells were loaded with triglycerides by incubating them overnight with 2% BSA containing 3.5 mol oleic acid per mole of albumin ("loadingmedium"). As previously described, this leads to triglyceride enrichment of cultured macrophages. 9 The loading medium was then removed; cells were washed twice with medium A containing 0.2% BSA and twice with albumin-free medium A. To study the mobilization of FFA, the lipid-laden cells were incubated in medium A supplemented with 2.5% FFApoor BSA (designated "unloading-medium").
Analysis of Cell Culture Experiments
After each experiment, the medium was removed, and the cells were washed twice with 2 ml of cold PBS containing 0.5 mM magnesium, 1 mM calcium and 0.2% BSA, followed by four washes with the same buffer without BSA. Cells were then harvested in 1 ml H 2 O with a rubber policeman, sonicated for 20 seconds at 4° C, and used for lipid analysis as described below.
To quantitate the FFA released from the cells, the unloading medium was removed at selected time points after incubation with triglyceride-loaded cells. When the cells had been loaded with 3 H-oleic acid-BSA complexes, release of radioactivity was measured by counting aliquots of the unloading medium in a Beckman scintillation counter. When cells were loaded with nonradioadive oleic acid-BSA complexes, aliquots of the unloading medium were used for mass measurements of FFA according to the method of Ho. 12 Aliquots of the unloading medium were also used for lipid analysis with thin-layer chromatography as described below.
Lipid Extraction and Analysis
For lipid analysis of cells and unloading medium, sonicated cell suspensions and/or aliquots of the medium were extracted with ethanol/ether (3:2, vol/ vol). The precipitated protein was pelleted by centrifugation at 4° C and the supemate was transferred to another tube, dried under nitrogen, and redissolved in chloroform/methanol (9:1, vol/vol). This lipid was applied to a silica gel thin layer chromatography (TLC) plate and developed in hexane/diethyl ether/acetic acid (80:20:1, vol/vol/vol). 13 The standards used were triolein, cholesterol, cholesteryl oleate, and oleic acid. The mass of individual lipids was quantified by a charring method. 14 The triglyceride and cholesterol content of the cell suspensions were also determined by enzymatic methods with Boehringer-Mannhein Kits (No. 126012 and No. 124087).
Llpoprotelns
Human LDL (d = 1.019-1.063 g/ml) was isolated from the plasma of healthy human subjects by preparative ultracentrifugation. 15 The 125 l-acetyl-LDL was prepared as previously described. 16 FFA-poor BSA was complexed with oleic acid as described by Kohout et al. 17 In brief, to prepare an oleic acid-BSA complex (molar ratio 3.5:1), 220 /xl of 1 M oleic acid in heptane was dried in an acid-washed, screwcapped tube under nitrogen; 10 /il of 98% ethanol was added followed by an addition of 400 ^.l 1 N NaOH. The soap formed was then heated at 60° C for 30 minutes and slowly injected into 200 ml of prewarmed medium A containing 2% BSA. The medium was allowed to shake slowly overnight at 37° C. To obtain a 14 C-or 3 H-labeled oleic acid-BSA complex, the 3 H-labeled oleic acids were treated as described.
Results
Lindqvist et al. 9 and Ostlund-Lindqvist et al. 18 have previously shown that incubation of cultured macro-phages with either chylomicrons, very low density lipoproteins, or FFA-albumin complexes leads to triglyceride enrichment of the cells. If the triglycerideloaded macrophages were then incubated in a medium containing only 2.5% FFA-poor albumin, the triglyceride content decreased by up to 60% in 20 hours, 9 while in the absence of albumin there was a minimal loss of cellular triglycerides. This suggested that stored triglycerides were hydrolyzed intracellularly with release of FFA into the medium. However, primary release of esterified forms or oxidative degradation was not ruled out.
In the present studies, resident mouse peritoneal macrophages or J774 macrophages were loaded with triglycerides by incubating them for 24 hours with 14 C-or 3 H-labeled oleic acid-BSA complexes in a-MEM. Approximately 20% of the 14 C-oleic acid added to the medium was taken up by the cells, and cellular triglyceride mass increased six-to tenfold. The distribution of cellular radioactivity among lipid subclasses, as determined by thin-layer chromatography, indicated that 55% was in triglycerides and only 10% in the FFA fraction; the remainder was found in phospholipids, lower glycerides, and cholesterol esters. The incubation medium was replaced with a-MEM containing only FFA-poor albumin, 25 mg/ml ("unloading medium"). As shown in Figure ity observed in the medium. The cellular triglyceride mass also decreased by about 50% over a 20-hour period of incubation, and the mass of FFA in the medium increased correspondingly, as shown in Figure 1 B.
Similar results were obtained in duplicate experiments when mouse peritoneal macrophages were used ( Figure 2 ). The rate of decrease of the triglyceride mass was comparable to that observed when the cells had been loaded by incubation with triglyceride-rich lipoprotein. 9 Furthermore, the electron microscopic appearance of the cells was the same whether loaded by incubation with FFA or with triglyceride-rich lipoproteins. The distribution of medium radioactivity among lipid fractions was as follows: 70% in the FFA fraction; 17% in lower glycerides; 14% in phospholipids; 1% in triglycerides; and less than 1 % in cholesterol esters. To test for the possibility that cell triglycerides might be secreted intact and then subsequently hydrolyzed by medium lipases, the medium was analyzed at earlier time intervals during the "unloading" incubation at 30 minutes and at 5.5 hours. At 30 minutes the radioactivity in triglycerides and cholesterol esters in the medium was barely detectable; at 5.5 hours it was less than 1 % of the radioactivity in medium FFA. Thus, it appears that the stored triglycerides were hydrolyzed intracellularly and released into the medium primarily in the form of FFA.
During preliminary studies, we noted that the rate of release of labeled FFA from triglyceride-loaded cells was not linear. The rate of release from J774 macrophages (Figure 3 A) time. This could be largely the result of re-uptake of FFA into the cells as the concentration of FFA in the medium rises, but other factors may contribute also. Saturation of high-affinity binding sites is probably not a factor since less than 30 fig of FFA was present at 20 hours (Figure 1 B) , yielding a final FFA/albumin molar ratio of less than 0.2. As shown in Figure 4 , the rate of release of FFA was not reduced even when the FFA/albumin molar ratio was as high as 0.5. In any case, when the medium was replaced by fresh medium at regular intervals, the FFA release became linear as a function of time ( Figure 5 ), both with respect to mass and radioactivity.
Over short time intervals, appreciable FFA release took place even in the absence of added albumin, presumably because of the release of cellular proteins that can act as FFA acceptors (Figure 3 B) . However, the addition of BSA enhanced the initial rate of release by almost 100% under these conditions. In other studies it was shown that increasing the concentration of BSA increased the initial rate of FFA release (measured with regular changes of medium). Saturation with the acceptor was reached at about 1% BSA; and the rate of release then remained unchanged up to at least 4% BSA (data not shown).
In the studies summarized to this point, FFA-poor albumin was used as the acceptor, optimizing the conditions for net release. To determine whether or not net release could occur in the presence of FFAalbumin complexes, release was measured in the presence of oleate/albumin complexes (molar ratio 0.5). As shown in Figure 4 , the rate of release of FFA from the cells was essentially unchanged whether the acceptor was FFA-poor albumin or oleate-albumin. To test whether serum might contain factors inhibitory to the release of FFA, release was also measured in the presence of added newborn calf serum (5% vol/vol). FFA release occurred in the presence of the added serum although at a lower rate. The lower rate probably reflects the low concentration of acceptor provided by 5% serum. As already mentioned, the maximal rate of FFA release required the presence of at least 1 % BSA; 5% serum would provide a concentration of acceptor well below that.
One mechanism by which the stored triglycerides could be mobilized is by transfer into lysosomes and hydrolysis by acid lysosomal lipases, known to be present at high levels in macrophages. 19 However, the addition of 20 pM chloroquine had no effect on the rate of release of FFA (data not shown). This concentration of chloroquine was sufficient to reduce the rate of degradation of 125 l-acetyl LDL by 50%. The findings are compatible with cytoplasmic degradation of stored triglycerides, which may be mediated by a highly active neutral triglyceride lipase, as recently described in several types of macrophages. 20
Discussion
The reasonably good agreement between the observed decrement in cell triglyceride content and the observed increment in medium FFA in these studies supports the conclusion that the cells mobilize stored glycerides by lipolysis followed by net release of FFA to the medium. The correspondence was demonstrated both by radioisotopic studies and by measurement of net changes in mass. Little or no net release of phospholipids or of glycerides could be detected even during short-term incubations immediately after loading. The appearance of FFA in the medium was a linear function of time from the beginning of the incubation provided fresh medium was added at hourly intervals; the rate of release fell off, however, if the medium was not changed. The reasons for this decrease in rate of release are not clear but may simply reflect re-uptake of FFA from the medium. The macrophage can very rapidly take up FFA, as shown previously 8 and confirmed in the present studies. Thus, when FFA released from the cells are allowed to accumulate in the medium, they will eventually reach a concentration that will allow rapid re-uptake. This would tend to balance concurrent, continuing release from the cells and lead to an apparent arrest of mobilization.
The triglyceride accumulating in the macrophages, whether as a result of exposure to triglyceride-rich lipoproteins or to albumin-bound FFA, was found predominantly in cytoplasmic droplets lacking a clearly defined limiting membrane. The triglycerides in these droplets could conceivably be first taken up by lysosomes and then hydrolyzed there by the well-recognized lysosomal acid lipase. However, the failure of chloroquine to inhibit the rate of FFA mobilization shows that this cannot be a major pathway. The results suggest that instead the stored triglycerides are hydrolyzed by a cytoplasmic lipase or lipases. Recent studies from this laboratory have demonstrated the presence in several types of mac-rophages of a very high level of neutral lipase activity that may be responsible for the observed rapid mobilization of stored glycerides. 20 The pattern is reminiscent of that in adipose tissue, the only tissue in which net release of FAA is a prominent pathway. 21 Ehrlich ascites tumor cells in culture can release FFA in net fashion when albumin containing no FFA is present in the medium, but net release in vivo is unlikely. 22 Other tissues could, in principle, exchange endogenous FFA with labeled exogenous FFA but appreciable net release need not occur. Whether or not the macrophage neutral lipase is a free cytosolic enzyme or is membrane-bound remains to be established. Further characterization of this lipase and its regulation could open the way to development of modes of intervention that might facilitate "unloading" of lipid-laden macrophages.
The rate at which triglyceride-loaded macrophages can mobilize stored lipid is impressive. As much as 50% of stored triglycerides were lost in 20 hours. This suggests that there is a very rapid dynamic state and that the generation of triglycerideloaded foam cells depends on the continuing uptake of lipoprotein triglycerides. It is possible, of course, that when fat loading exceeds certain limits, the cells' ability to mobilize may decrease, i.e., there may be a "point of no return."
Additionally, it may be that a modulation of function may occur when the macrophages have been in residence in the tissue spaces for some time and that their capacity to mobilize may be reduced. The fatmobilizing mechanism described here should be studied in different types of macrophages after varying times in culture, and after exposure to various activating environments and other modulating factors. Finally, it should be noted that the environment of the macrophage in vivo is not known with certainty, and thus the conclusion that net release of FFA may occur must remain tentative, since the concentration of FFA in that environment may limit or even prevent net mobilization.
As pointed out previously, 9 the fact that macrophages can mobilize triglycerides rapidly, perhaps more rapidly than they can mobilize cholesterol esters, reopens the question of the relative importance of triglyceride-rich lipoproteins in the generation of the cholesterol-loaded macrophages found in atheromata. Even the very low density lipoproteins, in which triglyceride is the predominant lipid, contain a certain amount of cholesterol. While their uptake will initially yield cells relatively enriched in glycerides, subsequent mobilization of the glycerides at a high rate might leave the cell relatively more enriched in cholesterol. The concentration of albumin, an excellent acceptor for FFA, in extracellular fluid is rather high. Consequently any mobilized FFA would probably be carried away readily, perhaps more readily than mobilized cholesterol. Thus, the fact that established atheromatous lesions are cholesterol-rich does not rule out the possibility that triglyceride-rich lipoproteins play an important role in their genesis.
